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The geometries, electronic structures, stability and bonding of AlCon
0/ (n ¼ 1e5) clusters are investigated
using density functional theory. The most stable structures of AlCon (n ¼ 1e5) clusters are formed by
substituting a Co atom of Conþ1 clusters with a Al atom. The adiabatic detachment energies and vertical
detachment energies of AlCon
 (n ¼ 1e5) are predicated at BPW91/6-311 þ G(d) level. The binding en-
ergies indicate that the doped Al weakens the stability of Conþ1 (n ¼ 1e5) clusters slightly. The disso-
ciation energies and molecular orbital analyses both demonstrate that Co and Al are bonding strongly in
AlCon0/ (n ¼ 1e5) clusters.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Compared to monometallic species, bimetallic materials have
the unique chemical and physical properties, such as catalytic,
magnetic, electrical and optical properties, thus considerable ef-
forts have beenmade to study bimetallic clusters in the last decades
[1e5]. Experimental and theoretical studies have afﬁrmed that
properties of materials can be tuned dramatically with the doping.
Due to the magnetism of cobalt, bimetallic Co-based clusters have
been widely investigated. However, previous studies were mainly
focused on the doping of magnetic metals [6e15]. The in-
vestigations of single atom Al doped Con clusters are scarce. The
reactivity of single atom Al doped Con clusters with H2 was studied
using a fast ﬂow reactor by Nonose et al. [16]. It was found that
chemisorption rates of hydrogen on Con clusters was strongly
increased by the doped single atom Al. The AlCo cluster was
investigated using resonant two-photon ionization spectroscopy bytured Functional Materials,
, Henan 450006, China.
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B.V. This is an open access article uMorse and coworkers. They found that Al and Co formed covalent
bond [17]. The aluminum-rich CoAln (n ¼ 8e17) and cobalt-rich
ConAlm (n ¼ 6, 8, 10; m ¼ 1e2) clusters were investigated using
themagnetic bottle photoelectron spectrometer by Nakajima group
[18]. They found that single atom cobalt doped Aln clusters showed
a hybridization of Al s, p and Co d orbitals, which results in a
merging of spectral features at low electron binding energies. The
structures and electron afﬁnities of CoAln (n ¼ 8e16) clusters were
examined using different density functional theory methods by
Guo [19]. Although aluminum-cobalt clusters have been investi-
gated, studies on non-magnetic metal Al doped Con clusters,
especially for n 5, have not been reported. In order to explore how
non-magnetic metal Al tune the properties of Co clusters, we have
studied geometries, electronic structures, stability, magnetisms and
bonding of AlCon0/ (n ¼ 1e5) clusters using density functional
theory calculations. The Co and Al are earth-abundant and low cost
relative to noble metals. In addition, Co and Al are the chief com-
ponents of Fischer-Tropsch catalysts and many other reactions
[20e23]. We expect that our investigations can provide insights
into the designs of novel bimetallic materials.2. Theoretical methods
All calculations have been carried out with Density Functionalnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. The two energetically lowest geometries and their relative energies of anionic
AlCon (n ¼ 1e5), as well as their spin multiplicities (M).
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Wang [25] correlation functional (BPW91) and the 6-311 þ G(d)
basis set implemented in the Gaussian09 program package [26].
The BPW91 functional has been widely used to study transition-
metal-containing systems [27e32]. We also used the BPW91
functional to study ConC20/ (n ¼ 1e5) and VmCn0/ (m ¼ 1e6, n ¼ 2,
4) systems [29,30]. In addition, the ionization potential of neutral
AlCo and bond dissociation energy of cationic Co2þ were calculated
to be 6.81 eV and 2.97 eV at BPW91/6-311 þ G(d) level, in agree-
ment with those measured by experimental methods
(6.99 ± 0.17 eV, 2.73 ± 0.27 eV) [17,33]. These facts conﬁrmed the
BPW91/6-311 þ G(d) method to be reliable for AlCon system.
All kinds of initial structures of AlCon0/ (n ¼ 1e5) are optimized
to search the global minima. Geometry optimizations are con-
ducted without any symmetry constraint. Harmonic vibrational
frequencies are calculated to ensure that the optimized structures
are indeed the real local minima. Spin contamination is also
calculated to make sure that it is negligible. The zero-point vibra-
tional energies are considered for all stable isomers. The vertical
detachment energies (VDEs) are calculated as the energy differ-
ences between the neutral and anionic species both at the geom-
etries of the anionic species. The adiabatic detachment energies
(ADEs) are calculated based on the energy differences between
neutral and anionic clusters, in which the neutral clusters are
relaxed to the nearest local minima using the geometries of the
anionic clusters as initial structures. For the anionic clusters with
multiplicity M, the neutral species with multiplicities M1 and
Mþ1 are considered, and the lower energy spin multiplicity is used
in the VDE and ADE calculations.
Based on the theoretically generalized Koopman's theorem
(GKT) [34,35], we simulate the photoelectron spectra of the lowest
energy isomers for anionic AlCon (n ¼ 1e5) clusters. In the simu-
lated spectra, the peak of each transition corresponds to the
removal of an electron from different occupied molecular orbitals
of the anionic cluster. The simulations were described in detail
previously [36]. The simulated spectra are broadened by a Gaussian
of a width s ¼ 0.1 eV in order to facilitate the comparison with the
ﬁnite resolution experimental spectra in the future. The stick lines
in the simulated spectra represent different energy levels where an
electron is detached. Because energy levels of anionic AlCon
(n ¼ 1e5) clusters are closely dense, there are more than one de-
tachments for the majority of peaks in the spectra. This simulated
method has been shown to be successful by comparison of the
experimental photoelectron spectra with the simulated ones
[37e39].
3. Results and discussion
3.1. Geometries and detachment energies
Due to the unﬁlled 3d electron conﬁguration of Co (3d74s2), all
possible spin multiplicities and a variety of initial structures have
been taken into account until the geometric structures of energy-
minima are obtained. The two energetically lowest isomers of
anionic AlCon (n ¼ 1e5) clusters are shown in Fig. 1, including
geometric isomers of AlCo4 and spin isomers of AlCo, AlCo2, AlCo3
and AlCo5. The spin isomers have different electronic states for
structural isomers. The VDEs and ADEs of AlCon (n¼ 1e5) are listed
in Table 1. The lowest energy structures of neutral AlCon (n ¼ 1e5)
clusters are given in Fig. 2.
For AlCo cluster, quartet spin state (isomer 1a) is much lower in
energy than sextet spin state (isomer 1b) by 0.82 eV. The CoeAl
bond length of isomer 1a is 2.39 Å. The calculated VDEs and ADEs of
isomers 1a and 1b are 0.54 and 0.82 eV, respectively. Since isomer
1a is much lower than isomer 1b by 0.82 eV, isomer 1a is the moststable structure of AlCo cluster. The ADE of AlCo is 0.54 eV, lying
between those of Al (0.44 eV) [40] and Co (0.66 eV) [41]. It reveals
that the photoelectron spectrum of AlCo has a merging feature of
Al and Co at the low electron binding energies, similar to CoAln
clusters [22].
The lowest energy structure of neutral AlCo is similar to anionic
AlCo cluster. It is in triplet state. The CoeAl bond length is 2.35 Å,
close to that of AlCo cluster (2.38 Å) measured by resonant two-
photon ionization spectroscopy [21].
Isomer 2a is the lowest energy structure of anionic AlCo2, which
is an isosceles triangle with 5B1 electronic state. The CoeAl and
CoeCo bond lengths are 2.39 and 2.10 Å. The VDE and ADE of iso-
mer 2a are calculated to be 1.57 and 1.54 eV. Isomer 2b is also a
triangular structure with 7A00 electronic state. The VDE and ADE of
isomer 2b are calculated to be 1.05 and 1.03 eV. Since isomer 2b is
much higher in energy than isomer 2a by 0.68 eV, isomer 2a is the
most stable structure of anionic AlCo2. It is different from the
ground state structure of anionic Co3, which is a linear structure
[42]. The ADE of AlCo2 is 1.54 eV. For AlCo2, the linear isomers of
AleCoeCo and CoeAleCo have been also considered. The former
has imaginary frequencies, transferring triangular structure. The
latter is much higher in energy (1.38 eV) than the lowest energy
isomer (the triangular structure). For AlCon (n ¼ 3e5) reported
below, their linear isomers were also considered, which either
transfer to three-dimensional structures or much higher in energy
than those of the corresponding lowest energy structures. Thus
their linear isomers were not included in this manuscript.
The lowest energy structure of neutral AlCo2 is similar to anionic
AlCo2 cluster. Its electronic state is 4A2. The CoeAl and CoeCo bond
lengths are 2.43 and 2.04 Å, respectively.
Isomer 3a is the lowest energy structure of anionic AlCo3,
consisting of a tetrahedral structure with the doped Al atom
capping the triangular Co3 cluster. The electronic state of isomer 3a
is 8A0 . The VDE and ADE of isomer 3a are calculated to be 1.96 and
1.91 eV. Isomer 3b has a similar structure with isomer 3a. The
electronic state of isomer 3b is 6A. Thus, isomers 3a and 3b are spin
isomers. The calculated VDE and ADE of isomer 3b are 1.57 eV.
Isomer 3b is much higher in energy than isomer 3a by 0.45 eV.
Consequently, isomer 3a is the most stable structure of anionic
AlCo3. It is similar to the most stable structure of Co4 and CoAl3
clusters, which are also the tetrahedral structure [42,43]. The ADE
of AlCo3 is 1.91 eV.
The lowest energy structure of neutral AlCo3 is similar to anionic
AlCo3 cluster, consisting of a tetrahedral structure with 7A elec-
tronic state.
For anionic AlCo4, the lowest energy structure (isomer 4a) is a
square pyramid composed of a Al atom capping the four-membered
ring Co4, similar to the lowest energy structure of CoAl4 cluster [43].
Isomer 4a has a C4v symmetry and 9A1 electronic state. The CoeAl
and CoeCo bond lengths are calculated to be 2.50 and 2.18 Å. The
Table 1
The calculated relative energies (RE), VDEs, and ADEs (eV) of the low-energy isomers
of AlCon (n ¼ 1e5) clusters.
RE ADE VDE
AlCo 1a 0 0.54 0.54
1b 0.82 0.82 0.82
AlCo2 2a 0 1.54 1.57
2b 0.68 1.03 1.05
AlCo3 3a 0 1.91 1.96
3b 0.45 1.57 1.57
AlCo4 4a 0 1.61 1.86
4b 0.04 1.57 1.68
AlCo5 5a 0 1.52 1.53
5b 0.33 1.19 1.31
Fig. 2. The lowest energy geometries and spin multiplicities (M) of neutral AlCon
(n ¼ 1e5) clusters.
Fig. 3. The simulated photoelectron spectra of the ground state structures of anionic
AlCon (n ¼ 1e5) clusters.
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sisting of a Al atom capping the non-planar Co4 cluster. The VDEs
and ADEs of isomers 4a and 4b are calculated to be 1.86, 1.61 eV and
1.68, 1.57 eV, respectively. Isomer 4c has a similar structure with
isomer 4b, but it has a different electronic state of 11A (Supporting
Information). Isomer 4c is higher in energy than isomer 4a by
0.46 eV. Because energy difference between isomers 4a and 4b is
only 0.04 eV, it is probable that the energetically degenerate iso-
mers 4a and 4b can be both produced in the experiment. The most
stable structure of AlCo4 is similar to Co5 cluster, which has been
reported to be a trigonal bipyramid [44,45] or a four-member ring
pyramid [46].
The lowest energy structure of neutral AlCo4 is different from
anionic AlCo4 cluster. It is a trigonal bipyramid consisting of a Al
atom capping the butterﬂy-like Co4. The electronic state is 10A.
For anionic AlCo5 cluster, isomers 5a and 5b are both an octa-
hedral structure with 10A1 and 12A0 electronic states, respectively.
The calculated VDEs and ADEs of isomers 5a and 5b are 1.53,1.52 eV
and 1.31, 1.19 eV. Since isomer 5b is higher in energy than isomer 5a
by 0.33 eV. Themost stable isomer of anionic AlCo5 is isomer 5a, i.e.
an octahedral structure with 10A1 electronic state. It is different
from Co6 and CoAl5 clusters which are a C5V pentagon and a heavily
distorted square bipyramid [42,43]. The ADE of AlCo5 is 1.52 eV.
The lowest energy structure of neutral AlCo5 is similar to anionic
AlCo5 cluster. The electronic state is 11A.
Comparing Fig. 1 with Fig. 2, one can see that the most stable
structures of neutral AlCon (n ¼ 1e5) are similar to those of the
corresponding anionic AlCon (n ¼ 1e5) clusters, except for AlCo4
cluster. By comparing geometric structures of AlCon with Conþ1
(n ¼ 1e5) clusters, we found that AlCon were formed by
substituting a Co atom of Conþ1 clusters with a Al atom [44]. This is
distinguished from aluminum-rich CoAln (n ¼ 1e5) clusters which
can not be obtained from Alnþ1 clusters by substituting a Al atom
with a Co atom [43]. The magnetic moments of neutral AlCon
(n ¼ 1e5) are calculated to be 2, 3, 6, 9 and 10 mB, respectively,
which are generally smaller than those of Conþ1 clusters (2, 5 or 7,
10, 11 or 13, 14 mB) [44] and much higher than those of CoAln
(n ¼ 2e5, 1, 0, 1, 2 mB) calculated by Ma et al. [43]. It indicates that
the doped Al weakens themagnetic properties of Co clusters, which
originates from a non-magnetic metal Al doping. By comparing
structures of cobalt-rich AlCon (n ¼ 1e5) clusters in this work with
those of aluminum-rich CoAln (n ¼ 2e5) clusters by Ma et al. [43],we found that the doped single atom Al of AlCon (n ¼ 1e5)
preferred to locate on the surface whereas the doped single atom
Co of CoAln (n¼ 1e5) tended to occupy the center positionwith the
maximum coordination number.
3.2. The simulated photoelectron spectra
Fig. 3 displays the simulated photoelectron spectra of anionic
AlCon (n ¼ 1e5) clusters at 193 nm photons. From Fig. 3, one can
see that the ﬁrst VDEs of AlCon increase from n ¼ 1 to 3 and then
decrease from n ¼ 3 to 5. For AlCo, the VDEs are centered at 0.54,
1.4, 1.54, 1.64, 1.69, 1.93, 2.46, 2.74, 2.78, 3.44, 3.5 eV, respectively
and 5.29 eV at the higher electron binding energy. For AlCon
(n ¼ 2e5) clusters, the simulated photoelectron spectra are more
congested than that of AlCo. This is due to a high density of states
from occupied molecular orbital of AlCon (n ¼ 2e5) clusters.
Electron afﬁnity is a signiﬁcant factor for reactivity/stability. The
electron afﬁnity of AlCo is calculated to be 0.54 eV, much lower
than that of Co2 (1.11 eV) [41] which shows that the spectral fea-
tures at low binding energies are a merging contribution of Al and
Co. The electron afﬁnities of AlCon (n ¼ 2e5) are calculated to be
1.53, 1.91, 1.61 and 1.52 eV, which are close to those of Conþ1 (1.6,
1.91, 1.71, 1.6 eV) [41]. It reveals that the highest occupied molecular
orbitals (HOMO) of AlCon (n ¼ 2e5) are mainly located on Con
clusters, which play an important role in the photoelectron spectral
features.
3.3. Binding energies and dissociation energies
In order to investigate the relative stability of AlCon0/ (n ¼ 1e5)
clusters, we calculated binding energies (Ebs) per atom for the most
stable structures of these clusters. The Eb values of AlCon0/
(n ¼ 1e5) clusters are calculated according to the following
deﬁnitions:
J. Yuan et al. / Computational Condensed Matter 9 (2016) 72e76 75Eb(AlCon) ¼ [E(Al) þ nE(Co)  E(AlCon)]/(nþ1) (1)
Eb(AlCone) ¼ [E(Al) þ E[(ne1)Co] þ E(Co)  E(AlCone)]/(nþ1) (2)
The E(Al), E(Co0/) and E(AlCon0/) are the energies of the most
stable Al, Co0/ and AlCon0/ clusters, respectively. Since the electron
afﬁnity of cobalt atom (0.66 eV) [41] is higher than that of
aluminium (0.44 eV) [40], we made the negative charge on the
cobalt atom in eq (2). The Eb values of AlCon0/ (n¼ 1e5) clusters as a
function of cluster size n are shown in Fig. 4. One can see that Eb
values of anionic and neutral AlCon (n ¼ 1e5) increase with
increasing cluster size n. This indicates that the stability of anionic
and neutral AlCon (n¼ 1e5) enhanceswith increasing cluster size n.
The binding energies per atom of AlCon (n¼ 1e5) are a little smaller
than those of Conþ1 (n ¼ 1e5) clusters by PBE functional [44]. It
reveals that the doped Al weakens the stability of Conþ1 (n ¼ 1e5)
clusters slightly.
We calculated dissociation energies of anionic and neutral AlCon
(n ¼ 1e5) for understanding the interaction between Al and Con, as
well as relative stability. Considering the complexity of dissociation
channels, we only calculated dissociation energies of losing a Co or
a Al for AlCon0/ (n ¼ 1e5) clusters according to the following
equations:
AlCon ¼ Al þ Con (3)
AlCon ¼ Co þ AlCon-1 (4)
AlCon ¼ Al þ Con (5)
AlCon ¼ Co þ AlCon-1 (6)
The electron afﬁnity of Al (0.44 eV) is lower than those of Con
(n ¼ 1e5, 0.66, 1.11, 1.6, 1.91, 1.56 eV), so we make negative charge
on the Con cluster for channel (3). The electron afﬁnity of Co is
lower than those of AlCon-1 (n ¼ 3e5, 1.53, 1.91, 1.61 eV), we make
negative charge on AlCon-1 (n ¼ 3e5) for channel (4). The dissoci-
ation energies of AlCon0/ (n ¼ 1e5) are listed in Table 2. Regarding
anionic AlCon (n ¼ 1e2), the dissociation energies show that the
dissociation channel (3) is favorable to the channel (4). It is due to
the electron afﬁnities of Co and Co2 (0.66 and 1.11 eV) [41] higher
than that of Al (0.44 eV) [40], which makes negative charge locate
on Con (n ¼ 1e2). For anionic AlCon (n ¼ 3e5), the channel (4) is
more preferred than the channel (3). For neutral AlCon, the disso-
ciation energies of channels (5) and (6) increase with increasingFig. 4. Binding energies per atom of AlCon0/ (n ¼ 1e5) as a function of cluster size n, as
well as Conþ1 clusters ref. [44] for comparison.cluster size n, indicating that the stability of these clusters enhances
with increasing cluster size n. For neutral AlCon (n ¼ 1e5), the
dissociation energies of channels (5) and (6) for n ¼ 1 are both
2.23 eV and those for n ¼ 2 are almost the same (2.55 and 2.56 eV).
The facts show that the dissociations of AlCo and AlCo2 either lose a
Al or lose a Co. The dissociation energies of losing a Al are higher
than losing a Co for n¼ 3, 4, and 5, thus the dissociation channels of
losing a Co is favorable to the channels of losing a Al for AlCo3, AlCo4
and AlCo5 clusters. The dissociation energies of AlCon/0 (n ¼ 1e5)
clusters show that Al interacts with Co clusters strongly.
3.4. Occupied molecular orbitals
The interaction between two kind of metals is important for
their merging together, which decides whether they can form
stable alloy. In order to clarify the bonding between the doped Al
and Co atoms, we discuss the occupiedmolecular orbitals of neutral
AlCon (n ¼ 1e5) clusters. The highest and two other occupied
molecular orbitals of neutral AlCon (n ¼ 1e5) clusters are displayed
in Fig. 5. The HOMO of AlCo cluster is an anti-bond s* orbital
consisting of 3s orbital of Al and 4s orbital of Co. The HOMO-3 is
predominantly contributed by 3dxz orbital of Co and 3px orbital of
Al. The HOMO-6 is mainly the interaction of 3dz2 orbital of Co atom
and 3s orbital of Al atom. For AlCo2 cluster, The HOMO consists of a
s bond of CoeCo and 3s orbital of Al. The HOMO-8 and HOMO-11
are contributed by 3dyz orbital of two Co atoms and 3s orbital of
Al. Regarding AlCo3 cluster, the HOMO is composed of 4s, 3dxy or-
bitals of Co atoms and 3px orbital of Al. The HOMO-11 and HOMO-
13 are mainly composed of 3d orbitals of Co atoms and 3s orbital of
Al. For AlCo4 cluster, the HOMO and HOMO-1 are contributed by 4s,
3py and 3dyz orbitals of Co atoms and 3py orbital of Al atom, which
form large p bonds. The HOMO-15 consists of 3dyz, 3dx2-y2, 3dz2
orbitals of Co atoms and 3s orbital of Al atom. For AlCo5 cluster, the
HOMO and HOMO-1 are mainly contributed by 3dxy, 3dxz, 3dyz, 4s
orbitals of Co atoms and 3py, 3pz orbitals of Al. The HOMO-15 is
composed of 3dx2-y2, 3dz2 orbitals of Co atoms and 3s orbital of Al
atom. These occupied molecular orbitals of neutral AlCon (n ¼ 1e5)
illustrate the strong interactions (orbital overlap) between Al and
Co atoms, showing that Co and Al are bonded strongly.
3.5. The NPA charge and Wiberg bond order
Natural population analysis (NPA) is performed with the natural
bond orbital (NBO) program (version 3.1) [47]. The charge on Al and
bond orders of CoeAl and CoeCo are listed in Table 3. The charge on
Al of neutral AlCon (n ¼ 1e5) clusters is all positive, showing that
electrons transfer from Al to Con clusters which may be one reason
that magnetic moments of AlCon clusters are smaller than those of
Conþ1 (n ¼ 1e5) clusters. The charge on Al is positive which is due
to the electron afﬁnities of Con (n ¼ 1e5) higher than that of Al
atom. On the other hand, the charge on Al increases with increasing
cluster size n. It may be the results of electron afﬁnities of Con
(n ¼ 1e5) become higher with increasing cluster size n from the
overall. The largest CoeAl bond orders are all larger than 0.57Table 2
The dissociation energies (eV) of AlCon0/ (n ¼ 1e5) clusters.
n DE3
a DE4
a DE5
n DE6
n
1 1.87 2.93 2.23 2.23
2 3.31 3.54 2.55 2.56
3 4.02 3.26 3.34 2.87
4 3.95 3.26 3.81 3.56
5 3.96 3.42 4.08 3.51
a and n represent anionic and neutral clusters.
Fig. 5. The highest and two other occupied molecular orbitals of neutral AlCon
(n ¼ 1e5) clusters.
Table 3
The charge on Al (e) and the maximum bond orders of CoeCo and CoeAl of neutral
AlCon (n ¼ 1e5) clusters.
n Charge Bond order
Al CoeAl CoeCo
1 0.27 1.16 e
2 0.27 0.75 1.56
3 0.3 0.64 0.96
4 0.33 0.64 0.79
5 0.43 0.57 0.55
J. Yuan et al. / Computational Condensed Matter 9 (2016) 72e7676which reveal that Al and Co forms covalent bond. This is in accor-
dance with the results of molecular orbital analysis.4. Conclusions
The geometric and electronic structures of AlCon0/ (n ¼ 1e5)
clusters are investigated using density functional theory. The most
stable structures of AlCon clusters are formed by substituting a Co
atom of Conþ1 clusters with a Al atom. The electron afﬁnities of
AlCon (n ¼ 1e5) clusters are predicted to be 0.54, 1.53, 1.91, 1.61 and
1.52 eV, respectively. The simulated photoelectron spectra can help
to identify the ground state structures of AlCon0/ (n ¼ 1e5) clusters
in the coming experiments. The dissociation energies and the
occupied molecular orbital analysis show that the doped Al can
interact with Con cluster strongly, forming CoeAl covalent bonds,
which indicates that Al and Co can form stable alloy. The adsorption
reactivity of AlCon0/ (n ¼ 1e5) clusters to small hydrocarbon mol-
ecules are underway in our groups.Acknowledge
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